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Abstract 

A jump experiment and analysis were performed for the Ml 98 howitzer 
firing the Ml07 shell through short range, flat fire trajectories with a launch 
Mach number near 1.7. The objective was to characterize the jump 
performance of the system and provide a basis for identifying and possibly 
improving the largest contributors to jump over a broader range of firing 
conditions. For the short range, flat fire scenario of the present experiment, 
the jump performance of the system indicates that the center of gravity 
(CG) motion of the projectile as it exits the gun tube is a significantly larger 
contributor to dispersion than the aerodynamic jump. The data showed 
that the projectile CG motion relative to the muzzle itself is considerable 
and is a more dominant component of in-bore balloting in terms of 
dispersion compared to the in-bore angular motion. Measurements of the 
gun dymamics showed that while the large scale muzzle motion is more 
pronounced in the vertical plane than in the horizontal plane, the dispersion 
directly attributable to muzzle pointing angle and muzzle crossing velocity 
is about the same in the both directions. Measurements of muzzle velocity, 
drag, and yaw are also presented and can be used to determine the effect of 
jump components not directly measured here but important for longer 
ranges. 
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FLAT FIRE JUMP PERFORMANCE OF A 155-MM M198 HOWITZER 

1. INTRODUCTION 

Large caliber artillery systems are often classed as "area" weapons whose targets are robust 

at long range and dispersed. Under these conditions, the effectiveness of some systems depends 
upon the ability to have a forward observer (FO) communicate the first round impact location, 
allowing the gun crew to correct and fire again. Not only does this reduce the element of surprise, 

but having an FO in a potentially hostile area is distinctly problematic. The capability of 
artillery systems to fire initially for effect rather than calibration is generating more interest as the 
benefits of first round accuracy are being recognized. A fundamental understanding of the 

processes that affect artillery accuracy and precision is needed to identify the largest sources of 

error in the system. The projectile and muzzle conditions at shot exit can be measured and 
related to accuracy and precision, thereby leading to focused efforts for system improvement. 

The Aerodynamics Branch of the Weapons and Materials Research Directorate of the U.S. 
Army Research Laboratory (ARL), sponsored by the Advanced Weapons Concepts Branch, 
ARL, conducted an experiment at the Transonic Experimental Facility (TEF), Aberdeen Proving 
Ground, Maryland (Rogers 1969) to examine the jump characteristics of an Ml 98 howitzer 
system. This system was chosen because it is widely used and because future 155-mm systems 
will likely be judged by their performance in comparison to it. Additionally, it has been 
suggested that a single caliber for all artillery would have substantial logistical and economic 
benefits, and the caliber of choice by many indicators is 155 mm. 

ARL has demonstrated success in characterizing large caliber tank gun accuracy and 
performance through jump measurements (Bornstein, Celmins, Plostins & Schmidt 1988). The 
jump vectors represent the dominant lateral disturbances to which the round is subjected during 
launch and flight. This report describes the results of a jump experiment and analysis of Ml 07 
projectiles fired from an Ml98 howitzer. The analysis and terminology used to characterize the 
jump of direct fire weapons are adapted here to describe the jump of an indirect fire artillery 
system. This experiment represents an initial effort focusing on low elevation firings (i.e., flat 
fire trajectories) and will contribute to a larger database that characterizes the weapon system 
performance over a range of firing conditions. 



2. SETUP 

2.1 Instrumentation 

An Ml98 system, breech ring serial number (S/N) 334, was provided by ARL for use at 

TEF. The gun tube, S/N 29094, was considered to be of low wear, rated at 94% life. The diagnostic 

setup consisted of eight proximity probes placed near the muzzle, four orthogonal X-ray stations 

positioned from muzzle exit to 8 m range, and 25 orthogonal spark shadowgraph stations spaced 

roughly from 30 m to 240 m range. A cloth target was placed at 298 m range to measure target 

impacts and dispersion. While a greater target distance was desired, the inclement weather and strong 

winds dictated that the target be placed inside the spark shadowgraph facility. Additionally, high 

speed cameras were placed in front of the entrance at about 12 m from the muzzle. 

Figure 1 shows a schematic of the instrumentation setup. The proximity probes record 

muzzle motion during the launch cycle, providing as output the muzzle pointing angle and 

crossing velocity at shot exit. The X-ray images record the projectile location and orientation 

near the muzzle, in lieu of standard photographs that can be obscured by smoke and flash from 

the launch event. The 25 shadowgraph stations determine the projectile location and orientation 

at selected locations within the building. 

Proximity 
Probes 

Concrete 
Blocks 

M198 Gun 
System 

4 orthogonal x-ray 
stations 

Firing 
Bombproof 

25 orthogonal spark shadowgraph stations 

Target @ 300 m 

Figure 1. Diagnostic Schematic for the Ml 98 Jump Experiment. 

A setup detail of particular interest is the method of securing the artillery mount to the 

ground. Large caliber artillery mounts have spades that prevent excessive mount motion during 

firing. However, the gun system was positioned on an asphalt surface adjacent to the entrance of 

the spark shadowgraph facility, and excavating the asphalt to accommodate the spades was an 



undesirable option. Because the recoil of the gun system is affected by how the system's spades 
are placed, a realistic solution was needed. The solution chosen here was to wedge each spade 
against a pile of sand bags backed with a stack of concrete blocks, as shown in Figure 2. The mass 
of each of the two concrete stacks was estimated to be 5340 kg. Polyester straps (not shown in 
the figure) were attached to lifting "eyes" on the howitzer and to other lifting eyes welded to plates 
on the ground. This restricted the gun system from pivoting about the spades and from interfering 

with the re-initialization of the instrumentation for subsequent shots. The straps allowed some 

motion of the system, particularly during the first shot, but adequately limited excessive motion 

overall. 

Figure 2. Spade Stop Configuration. 

The M4A2 Zone 7 (7W) propelling charge was selected in consideration of future 

lightweight howitzer systems operations. This charge produces a nominal projectile muzzle 
velocity of 568 m/s (Department of the Army 1969). The rounds were fired at an elevation of 10 
milliradians (mrad), allowing the fired projectiles to enter and exit the spark shadowgraph facility 
without damaging instrumentation. 



3. DEFINITIONS OF JUMP COMPONENTS 

The data acquired for each shot provide a variety of information concerning the launch and 

flight behavior of the rounds. A substantial portion of the data is then used to construct a jump 

diagram for each shot. The jump diagrams are based upon a jump closure model that 

characterizes the launch and flight aspects of a projectile, in addition to providing a basis for 

statistical analysis of the entire set of rounds. The jump model has been presented along with the 

analysis techniques in reports by Bornstein et al. (1988,1989) and Plostins, Celmins, and 

Bornstein (1990) and is briefly reviewed here. 

The total jump of a particular shot is defined using the nomenclature introduced in Figure 3. 

The boresight line of fire (LOF) is established as the line connecting the center of the muzzle and 

the visual aim point (boresight point). The gravity drop can be extracted separately from various 

data sources, including the radar track, and is considered known. The LOF combined with the 

known gravity drop establishes a target aim point from which the target impact point is 
measured. The resulting vector is denoted as (XT, YT), with the subscript T representing the 

values at the target impact point. For the present conditions, the magnitude of this vector is 
small enough compared to the target range RT that the vector may be converted directly into an 

angle forming the total jump angle (or simply "jump"), denoted 0, i.e., 

0 = 6hi + 0J = XT/ RTi + YT/ RTj Eq (1) 

in which 6h and 0V are the horizontal and vertical components, respectively, of the total jump. 

The unit vector i is oriented to the gunner's right (positive X in Figure 3) and denotes positive 

azimuth (AZ). The unit vector j is oriented up (positive Y in Figure 3) and represents positive 

elevation (EL). These vector orientations represent jump coordinates as used in this report. 

The jump closure model is shown in Figure 4. The origin is defined as the intersection of 

the horizontal and vertical axes (labeled H and V) and represents the aim point. The target 

impact point is denoted as a solid circle. A set of vectors is defined whose summation is equal to 

the total jump vector, the vector whose tail is located at the aim point and whose head is located 

at the target impact point. These vectors are jump component vectors, each having a horizontal 

and vertical component. For the spinning artillery shell and flat fire scenario, the relevant jump 

vectors are defined as follows, with additional discussion following: 

1. Muzzle Pointing Anple fPAl Jump - The angular deviation of the projectile 

corresponding to the muzzle pointing angle at the time of shot exit relative to boresight LOF. 



*0* 0h »HORIZONTAL JUMP ANGLE 

Ov = VERTICAL JUMP ANGLE 

Figure 3. Illustration of Jump Angles. 
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Figure 4. Jump Closure Model. 

HORIZONTAL 

2. Muzzle Crossing Velocity (CV) Jump - The angular deviation of the projectile 

corresponding to the muzzle lateral motion, obtained by dividing the muzzle lateral velocity at 

shot exit by the projectile launch velocity. 



3. CG Jump - The angular deviation of the projectile at the muzzle relative to the 
instantaneous muzzle center line at shot exit. Also referred to in previous jump experiments as 

the jump attributable to mechanical disengagement of the projectile from the gun tube, CG jump 

is measured relative to a coordinate system attached to the muzzle. 

4. Aerodynamic Jump (AT) - The angular deviation of the projectile attributable to 

aerodynamic lift forces associated with projectile yawing motion. 

The PA and CV jump components are obtained by reducing eddy probe data as outlined by 

Bornstein et al. (1988). The values are extracted from the data at a time that corresponds to shot 

exit, defined here as the instant in time when the projectile rotating band mechanically disengages 

from the gun tube and the main blast uncorks. 

The aerodynamic jump for each shot is calculated using motion parameters obtained from a 
least squares fit of the spark shadowgraph facility data and X-ray data to the linearized free flight 
equations of angular motion for a spinning projectile (Murphy 1963). The aerodynamic jump, 
JA , is calculated using aerodynamic coordinates and complex notation consistent with Murphy. 

McCoy (1998) has derived the additional spin contribution to aerodynamic jump, and using 

Murphy's notation, the expression is rewritten as 

JA = ^cLa/cMa(C-iPL) Eci(2) 

In this expression, kt is the sub-projectile transverse radius of gyration, CMa is the sub- 
projectile pitching moment coefficient, CLa is the projectile lift coefficient, and P is a scaled spin 

rate.  £0 and £ are the initial sub-projectile complex yaw angle (radians) and transverse angular 

rate (in radians/caliber of travel), respectively, evaluated at the muzzle. 

The projectile angle of attack, £, is defined here to be consistent with Murphy (1963), i.e., 

%=ß + ia Eq(3) 

in which a is the pitch angle (positive nose up) and ß is the yaw angle (positive nose to the 

gunner's left). 

The conversion of the aerodynamic jump from aerodynamic coordinates to jump 

coordinates is 
AJ = Re(JA)i - Im(JA )j Eq (4) 



The transformation recognizes that the sign of the vertical displacement in jump coordinates 
is positive up but is positive down in Murphy's aerodynamic coordinates. 

The CG jump is predominantly a measure of the projectile's in-bore CG motion relative to 

the instantaneous lateral muzzle motion at shot exit. After the impact point, gravity drop, PA, 
CV, and AJ jump components are determined, the CG jump is obtained by applying closure to the 
system. This also allows a separate jump component, the total CG jump, or CGT0T, to be defined 

as the sum of the PA, CV, and CG jump vectors. CGT0T represents the total lateral CG motion at 

shot exit relative to the boresight LOF. The standard deviation (SD) of error of the measurement 

system is estimated to be on the order of 0.2 mrad. This is about the same as that estimated by 
Lyon, Savick, and Schmidt (1991). 

Alternatively, the CG jump can be determined from direct measurement of the CG motion in 
the X-ray photographs but with less accuracy. In that approach, the projectile CG is measured in 
the X-ray photographs relative to the fiducial beads. These CGs are then numerically fitted using a 
least squares procedure to determine CGT0T. The CG jump can then be determined by subtracting 
PA and CV from CGTOx- The estimated SD of the error in CGTOx using this method is 0.35 mrad. 

Measurement of the CGs from the X-ray photographs was performed here as a standard procedure, 
but a review of the CG data showed that station-to-station variations for some shots were 
unrealistically large. Following these considerations, closure is the chosen method used here to 
determine the CGTOx and CG jump vectors. 

The epicyclic component of the total swerve is a fluctuating aerodynamic lift effect that 
normally becomes insignificant at longer ranges for a stable, adequately damped projectile. At the 
relatively short target range of 298 m in the present study, the contribution can be significant for 
certain projectiles and conditions. The expression given by McCoy (1998) for calculating the helical 

radius that represents the epicyclic swerve for a gyroscopically stable projectile was used with the 
fitted flight parameters of the shots in this study. Although two shots had contributions on the 
order of 0.1 mrad, most had contributions on the order of 0.05 mrad. These are comparatively small 
magnitudes, and so the epicyclic contributions to swerve were assumed to be small enough to be 
absorbed into the aerodynamic jump and were not considered as a separate jump component. 

Several other contributors to total jump, while not included in the jump model of this 
study, merit discussion. Typical of most artillery, the Ml 07 projectile does not have a sabot, 
and therefore, jump attributable to sabot discard is nonexistent for this system. Also, any jump 
disturbance attributable to muzzle blast is assumed to be negligible. The drift of a spinning shell, 
as given by McCoy (1998), was also found to be negligible for the short target range of the 



present study. The effect of drag variations on the jump of individual rounds is negligible for the 
short target range used here, although long range dispersion would require such consideration. 
Variations in muzzle velocity can also contribute to dispersion at long ranges, as can 

meteorological considerations, including wind. 

4. RESULTS 

A total of 11 rounds, Shots 34537 through 34547, was fired, as shown in Table 1, with 
complete jump data obtained for eight of the rounds. The three rounds with incomplete data 

were Shot 34537, in which one eddy probe signal was not obtained; Shot 34544, in which no 
X-ray images were obtained at Stations 3 and 4; and Shot 34545, in which one eddy probe signal 

was lost around shot exit. The incomplete data from these three shots are presented and labeled 

as such. X-ray images at one station were unavailable for Shots 34541 and 34542, but the data 
from the remaining three stations were used in the analysis, and these two shots are considered 

to have complete data. 

Table 1. Measured Jump and Components 

PA CV CG AJ Total 

Shot AZ EL AZ EL AZ EL AZ EL AZ EL 

34537 NA NA NA NA NA NA 0.13 -0.10 0.76 0.59 

34538 -0.95 1.29 0.12 -1.05 0.50 0.62 0.02 0.14 -0.31 1.00 

34539 -0.60 1.37 -0.13 -0.80 0.80 0.96 0.02 0.11 0.09 1.61 

34540 -0.71 1.46 -0.53 -1.00 2.18 1.14 -0.24 0.04 0.69 1.65 

34541 -0.61 1.45 -0.49 -0.64 2.55 0.19 -0.27 -0.14 1.19 0.86 

34542 -0.77 1.33 -0.86 -0.84 2.85 0.28 -0.03 0.03 1.19 0.81 

34543 -0.60 1.09 -0.37 -0.91 1.30 0.85 0.04 0.27 0.38 1.30 

34544 NA NA NA NA NA NA NA NA 0.93 0.90 

34545 NA NA NA NA NA NA -0.11 0.09 -0.42 1.03 

34546 -0.61 1.50 -0.69 -1.86 1.89 1.93 0.10 -0.06 0.69 1.51 

34547 -0.58 1.24 -0.32 -0.64 1.22 0.45 -0.13 -0.03 0.19 1.03 
Note: All units are expressed in mrad 



4.1 Total Jump 

The total jump for all rounds is shown in Figure 5. The total jump represents the target impact 

locations without the gravity drop. The gravity drop is taken to be the same for all shots, calculated 
to be 1.45 meters at 298 m range, or 4.86 mrad. The total jump and jump components are tabulated 
in Table 1. The mean and the SDs of dispersion of the jump and jump components are tabulated in 

Table 2 and exclude the three shots with incomplete data The mean impact locations and SDs of 
dispersion are calculated by considering the impacts in azimuth and elevation separately, i.e., 
directionally de-coupled. Appendix A shows graphic comparisons of these tabulated values. As a 
reminder, positive azimuth is to the gunner's right and positive elevation is up. 

o    Shots with 
complete data 

•   Shotswith 
incomplete data 

-1.5 -1  -0L5   0   0L5   1    1.5   2 

Azimuth (mad) 

Figure 5. Total Jump for All Shots. 

Table 2. Group Mean and Dispersion of Jump Components 

Jump 
Components Mean Dispersion 

AZ EL AZ EL 

PA -0.679 1.342 0.128 0.136 

CV -0.411 -0.971 0.309 0.389 

CG 1.662 0.803 0.840 0.562 

AJ -0.061 0.044 0.138 0.130 

Total Jump 0.511 1.218 0.527 0.339 
Note: All units are expressed in mrad 



The group mean impact location is approximately 0.51 mrad right and 1.22 mrad up. The 

SD of the group dispersion is 0.53 mrad in azimuth and 0.34 mrad in elevation. The complete set 

of measured jump components is presented and discussed throughout the remainder of the 

section. Tables 3 and 4 contain other jump vectors of interest to be presented and discussed. 

Table 3. Other Measured Jump Components of Interest 

CG TOT 
AJS 

Shot AZ EL AZ EL 

34537 0.64 0.69 0.00 0.00 

34538 -0.33 0.85 0.07 -0.01 

34539 0.07 1.50 0.10 -0.04 

34540 0.93 1.61 0.00 -0.15 

34541 1.46 1.00 0.09 -0.13 

34542 1.22 0.78 0.00 0.00 

34543 0.33 1.03 0.34 0.08 

34544 NA NA NA NA 

34545 0.31 0.93 0.08 0.04 

34546 0.58 1.57 -0.02 -0.08 

34547 0.32 1.06 0.08 -0.02 
Note: All units are expressed in mrad 

Table 4. Group Means and Dispersions for Other Jump Components of Interest 

Jump 
Component Mean Dispersion 

AZ EL AZ EL 

CGTOT 0.572 1.174 0.600 0.332 

AJS 0.083 0.043 0.114 0.074 
Note: AH units are expressed in mrad 

4.2 Muzzle Motion 

Eddy probe data were collected and reduced using the approach described by Bornstein 

and Haug (1988). The eddy probes were mounted near the gun tube surface at two stations 

approximately 38.7 cm (15.2 in) and 53.9 cm (21.2 in) from the muzzle. Examples of the reduced 

10 



data showing typical gun tube center line lateral motion histories at the station nearer to the 
muzzle are shown in Figures 6 and 7 for Shot 34540. The time is referenced to the pressure 

probe trigger with shot exit occurring at approximately -1.36 ms. This difference between shot 
exit time and probe trigger time is called the trigger delay time and is found for each shot by 
extrapolating the delay times of the X-ray images of the projectile up range to where mechanical 
disengagement occurs. The total in-bore time is approximately 20 ms, although the plots do not 
show the entire in-bore event. The large scale motion of the center line is down and to the left 

near the time of shot exit. This motion is more pronounced in the vertical plane than in the 

horizontal plane. During the in-bore time interval shown in the figures, the maximum vertical 
center line motion (approximately 0.6 mm in magnitude) is greater than the maximum horizontal 
motion (approximately 0.2 mm in magnitude). The same observation is also true for the 

displacements near shot exit. 
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Figure 6. Tube Center Line Vertical Displacement at 38.7 cm From Muzzle. Shot 34540. 

The displacement data from the two axial stations are combined to give the muzzle pointing 
angle. The angle calculated at the probe stations is assumed to be equal to the angle at the muzzle 
itself. Figures 8 and 9 show the vertical and horizontal muzzle pointing angle histories, 
respectively, for Shot 34540. The muzzle pointing angle, like the center line displacements, 
shows more pronounced motion in the vertical plane than in the horizontal plane. During the in- 
bore time interval shown in the figures, the maximum vertical pointing angle (approximately 1.7 
mrad in magnitude) is greater than maximum horizontal pointing angle (approximately 0.7 mrad in 

11 



magnitude). The pointing angles in both directions show the presence of small scale oscillatory 

motions not apparent in the center line displacement plots. The behavior of the pointing angle 

plots was typical for all shots. 
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Figure 7. Tube Center Line Horizontal Displacement at 38.7 cm From Muzzle. Shot 34540. 
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Figure 8. Vertical Component of Muzzle Pointing Angle Versus Time. Shot 34540. 
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Figure 9. Horizontal Component of Muzzle Pointing Angle Versus Time. Shot 34540. 

Figure 10 shows the muzzle pointing angle at shot exit for all shots with complete data. In all 
cases, the muzzle points up and to the gunner's left, i.e., in the second quadrant. All shots lie within 
a 0.5-mrad azimuth by 0.5-mrad elevation range. The horizontal and vertical SDs of dispersion are 
comparable even though the system demonstrates larger scale motion in the vertical plane. 

Figure 11 shows the muzzle crossing velocity jump for shots with complete data. The gun 
lateral motion is downward for all the shots and to the left for all but one shot, i.e., almost 
exclusively in the third quadrant. The dispersion of the CV jump is noticeably larger than that of 
the PA jump. However, dispersion of the CV jump in elevation is affected by the distinct value of 
Shot 34546, located below the other shots in Figure 11. 

4.3 Aerodynamics 

The Ml07 projectile is a spin-stabilized, secant-ogive-cylinder-boattail configuration with 
physical properties and aerodynamic characteristics that have been previously reported (MacAllister 
& Krial 1975). In the present study, a full 6 degree-of-freedom spark range aerodynamic data 
reduction was performed on all 11 shots using the Aeroballistic Research Facility Data Analysis 
System (ARFDAS) Beta Version 4.2 software from Arrow Tech Associates, Burlington, Vermont 
(Hathaway & Whyte 1981). Table 5 shows results that may be useful for considering dispersion at 
longer ranges. The zero-yaw drag coefficient, CDo, varies from 0.318 to 0.325, approximately 2%. 

13 



The mean for all 11 shots is 0.321 and the SD is 0.0021, approximately 0.65% of the mean. Table 5 
also shows the mean yaw squared, 52, over the 298-m range for all 11 shots and the mean value for 
all 11 shots, which is 0.455 deg2. Two shots had values greater than 1 deg2. 
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Figure 10. Muzzle Pointing Angle at Shot Exit. 
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Figure 11. Muzzle Crossing Velocity (CV) Jump. 
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Table 5. Drag and Mean Squared Yaw 

Shot CDo 52 (deg2) V0 (m/s) 0C0 (deg) ßo (deg) 

34537 0.321 0.10 575.9 NA NA 

34538 0.318 0.03 571.4 0.09 0.01 

34539 0.318 0.31 568.7 0.13 0.05 

34540 0.319 0.55 573.4 0.00 0.2 

34541 0.324 1.39 571.4 0.12 0.17 

34542 0.320 1.08 574.1 0.00 0.00 

34543 0.325 0.55 572.0 0.45 -0.10 

34544 0.321 0.17 NA NA NA 

34545 0.322 0.33 571.2 0.10 -0.05 

34546 0.319 0.27 574.5 -0.02 0.10 

34547 0.320 0.23 572.2 0.10 0.02 

Mean 0.321 0.455 

STD 0.0021 0.423 

Table 5 also shows the measured muzzle velocity, V . The muzzle velocity varies from 

568.7 m/s to 575.9 m/s in this group of shots, approximately 1.3% of the firing table value of 
568 m/s. 

The aerodynamic jump is the jump associated with aerodynamic lift forces incurred by the 
projectile at angle of attack. The expression for aerodynamic jump given in Equation (2) includes 
a contribution attributable to spin and is proportional to the initial projectile angle £0. Figure 12 

shows a plot of the initial projectile angle as listed in Table 5. All but one of the available shots 
has a measured initial total yaw with a magnitude less than 0.2°, which is on the order of the 
estimated accuracy of the measurement from the X-ray photographs. 

The measured values of initial angle can be used in Equation (2) to calculate the spin 
contribution to aerodynamic jump, shown in Figure 13. The spin contribution to aerodynamic 

jump, denoted AJS, is perpendicular to the initial angle of attack. The magnitude of the spin 
contribution to the aerodynamic jump is calculated to be on the order of 0.1 mrad (the values are 
tabulated in Tables 3 and 4) for all but one shot. This level of jump is small enough to be 
considered within the measurement accuracy of the system. Shot 34543, however, was measured 
to have initial angle of attack on the order of 0.5°, producing a spin contribution to aerodynamic 
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jump component on the order of 0.4 mrad. Overall, however, the magnitude of the measured 

initial angles and spin contribution to aerodynamic jump is small enough that it is assumed to be 

zero for all shots and is not included in the statistical summaries of jump performance to be 

presented. It is noted that Shot 34543, the one shot that did have a noticeably larger value of 

initial yaw, impacted the target in the middle of the group. A valid observation, however, from 

this group of shots, is that initial yaw levels exceeding those measured in the experiment could 

indicate non-typical launch behavior for this system. 

o   Shotsvuth 
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Figure 12. Initial Pitch and Yaw Angles. 
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Figure 13. Spin Contribution to Aerodynamic Jump. 
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The non-spin component of aerodynamic is proportional to the initial transverse angular rate 
^0. Ignoring the spin contribution to aerodynamic jump, Equation (2) is used in the reduced form 

JA ~ K {CLOC /CMOCHO Eq(5) 

For a statically unstable (i.e., spin stabilized) spinning projectile, this component acts in the 
direction opposite that toward which the nose of the projectile initially rotates. (This is the 
opposite behavior of a statically stable non-spinning projectile such as a fin-stabilized projectile.) 
The components of this initial angular rate, as determined from fitting the X-ray data, are shown 
in Figure 14. The magnitude of the initial rate is less than approximately 1 rad/s in all cases. 
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Figure 14. Initial Angular Rates in Pitch and Yaw. 

These angular rates produce the aerodynamic jump results shown in Figure 15. The 
aerodynamic jump for each shot was calculated using a value of 0.95 for Q« / ^Ma. The 
magnitudes of the AJ vectors are all less than about 0.3 mrad. The mean of the AJ vectors is 

relatively close to zero and indicates that no noticeable bias exists. Table 3 shows that the mean 
of AJ is the smallest mean of any of the jump components. The SD of the dispersion of the AJ 
vectors is about the same in azimuth and elevation and is comparable in magnitude to that of the 
PA vectors. The magnitudes of the dispersions of AJ and PA are noticeably smaller than the 
other jump components. 
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Figure 15. Aerodynamic Jump. 

4.4 CG Motion at Muzzle 

The projectile CG motion relative to the muzzle motion at shot exit is represented by the 

CG jump, shown in Figure 16. Four of the eight shots shown in the figure have CG jump 

magnitudes greater than 2 mrads, noticeably larger than the other jump vectors already presented. 

The SDs of both the horizontal and vertical CG jump components are larger than the SDs of the 

components of the PA, CV, and AJ jump vectors. All shots show the CG moving up and to the 

right relative to the bore center line motion at shot exit. The horizontal component of the CG 

jump appears to be larger than the vertical in both mean and dispersion, even though the gun 

dynamics results showed more large scale motion occurring in the vertical plane than in the 

horizontal plane. 

The total CG jump, CGTOT> was already introduced as the sum of the MP, CV, and CG 

jump vectors and is shown in Figure 17. This jump component demonstrates a bias up and to 

the right of the LOF. All the vectors of this component demonstrate upward motion; all but two 

of the vectors are to the right of the LOF. The magnitudes are also noticeably reduced from those 

of the CG jump vectors, indicating that the CG motion relative to the LOF is mitigated somewhat 

by the projectile interaction with the gun dynamics (MP and CV) contributions to jump. 
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4.5 Correlations Between Jump Components 

A correlation coefficient was computed for each pair of jump components, total jump, and 

for CGT0T. The correlation coefficient, denoted by r, is a statistic whose value ranges between 

-1 and +1 and indicates the degree of linear association between two sets of variables. The 

absolute value of r indicates the strength of the linear association. Absolute values near 1 mean 

that the variables are strongly correlated, so that when plotted in Cartesian coordinates, the 

points tend to fall along a straight line. Conversely, absolute values near 0 indicate little or no 

association between the variables. The sign of r indicates the direction of the linear relationship. 

A positive coefficient indicates that the values of the two variables increase (or decrease) 

together; a negative coefficient indicates that one variable increases as the other decreases. When 

two variables are strongly correlated, either may be usable as a predictor of the other. However, 

it is important to point out that a strong correlation does not imply causality. Values of r only 

serve as mathematical indicators of possible cause-and-effect variables; causality can only be 

determined after the physical relationships between the variables are carefully examined. 

Table 6 is the correlation matrix for the possible pairs of total jump and jump components 

from Table 1, in both azimuth and elevation. Since each correlation coefficient is a statistic based 

upon sample data, it will in all likelihood be non-zero even for pairs of independent variables. To 

this extent, a hypothesis experiment was conducted upon each correlation coefficient to 

determine if its value was statistically significant. The hypothesis experiment yields a P-value 

associated with each correlation coefficient, listed in Table 6 as the parenthetical superscript. 

The range of the P-value is between 0 and 1. A small P-value of a comparison, on the order of 

0.10 or less, is considered here to be statistically significant and provides confidence that the 

observed linear association is not attributable to inherent randomness. In Table 6, occurrences of 

P-value less than 0.01 are marked with an asterisk. 

The results of Table 6 are generated from the jump components as depicted graphically in 

component matrix plots. The matrix plots for the components in azimuth and elevation are 

shown in Figures 18 and 19, respectively. The matrix plot consists of subplots of each pair of 

jump components on the appropriate off-diagonal element of the matrix. The scale of each 

subplot is linear and spans the range of values for the respective jump component. Each subplot 

shows the plotted value of the individual jump component for each shot, as labeled using the final 

two digits of the shot number. 

The fitted linear regression is graphically included in each subplot. A qualitative indicator 

of the strength of the linear correlation between two jump components is the closeness of 
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individual points to the line that represents the linear regression. The matrix plots also include 
histograms for each jump component on the diagonal showing the distribution of each component 

across its range of values. 

Table 6. Correlation Matrices for Total Jump and All Jump Components 

MP 

CV 

CG 

AJ 

Total 

MP 

CV 

CG 

AJ 

Total 

Azimuth 

MP 

1.000 (N/A) 

0.596 (0.069*) 

-0.589 (0.073*) 

0.460(0.181) 

0.146 (0.687) 

CV 

1.000 (N/A) 

-0.962 (O.OOl*) 

0.262 (0.464) 

-0.623 (0.054*) 

CG 

1.000 (N/A) 

-0.423 (0.224) 

0.700 (0.024*) 

Elevation 

MP 

1.000 (N/A) 

0.(521 (0.954) 

-0.162(0.655) 

-0.020 (0.955) 

0.591 (0.072*) 

CV 

1.000 (N/A) 

-0.916 (O.OOl*) 

0.154   (0.671) 

-0.155   (0.668) 

CG 

1.000 (N/A) 

-0.113(0.757) 

0.324 (0.362) 

AJ 

1.000 (N/A) 

-0.069 (0.849) 

AJ 

.000 (N/A) 

0.354(0.315) 

Total 

1.000 (N/A) 

Total 

1.000 (N/A) 

Table 6 shows that, in elevation, only one comparison of jump components, CV versus CG, 
has a correlation coefficient whose magnitude approaches 1 with a statistically significant P-value. 

With a value of r = -0.916, this pair of jump components exhibits a strong negative correlation in 
elevation. This same pair of jump components exhibits a similar strong, statistically significant, 
negative con-elation in azimuth, with a value of r = -0.962. The correlation demonstrates that the 
two components consistently act in opposite directions. One physical interpretation is that the 

muzzle crossing velocity at shot exit is dominated by motion with a large enough frequency 
(possibly a vibrational perturbation) to which the projectile CG does not respond before 

disengaging from the gun tube. 
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Figure 18. Matrix Plot for Total Jump and All Jump Components. Azimuth. 
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Only one other comparison of jump components in elevation, muzzle pointing angle (MP) 

versus total jump (denoted in the matrix plot as IMP), has a statistically significant P-value. 

However, the statistical significance of the correlation is maintained only by the presence of an 

outlier, Shot 34537, as indicated by the MP histogram. When the shot is removed from the 

comparison between MP and IMP, statistical significance is lost. Furthermore, the comparison 

of these two quantities in azimuth, either with or without Shot 34537, does not yield a 

correlation coefficient that is statistically significant. This is unlike the previously mentioned 

correlation between CV and CG, in which the statistical significance of the correlation (1) existed 

in both azimuth and elevation and (2) did not depend on the inclusion of any particular shot. It is 

concluded that no statistically significant correlation exists between the muzzle pointing angle 

and the total jump for this group of shots. 

In azimuth, the MP jump shows statistically significant correlation coefficients to exist when 

compared to either CV jump or CG jump. However, as in the case of MP versus IMP in elevation, 

as discussed in the previous paragraph, the significance of the correlation is maintained only by the 

presence of the outlier, Shot 34537. Following the same reasoning, it is concluded that no 

statistically significant correlation exists in the comparisons of MP versus CV and MP versus CG. 

Two other statistically significant correlation coefficients exist in azimuth: CV versus IMP, 

with r = -0.623, and CG versus IMP, with r = 0.700. In both cases, Shot 34537 does not 

maintain the statistical significance of the correlation coefficients, and its removal only 

strengthens the correlation in the comparisons. 

Table 7 shows the matrices of correlation coefficients between the total jump, CGTOT> and 

AJ jump. Figures 20 and 21 show the corresponding matrix plots and histograms. Statistically 

significant correlation coefficients exist in the comparisons between CGT0T and the total jump in 

both azimuth and elevation. The correlation shows that the trajectory of the projectile CG at 

shot exit relative to the LOF primarily determines the total jump of the shot. The aerodynamic 

jump, on the other hand, has a minimal effect, with no significant correlation with the total jump 

and magnitudes of mean and dispersion that are small, as discussed earlier. 

A graphical procedure for exhibiting the most important jump component correlations is 

shown in Figure 22 and is based upon the mathematical equation: 

IMPACT = <& + 4v + 4o + <£ + 2[Cov(MP,CV)+-+Cov(CG, AJ)] 
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Table 7. Correlation Matrices for Total Jump, CGT0T, and AJ Jump Components 

Azimuth 

CGTOT AJ Total 

CG 1.000 (N/A) 

AJ -0.284 (0.426) 1.000 (N/A) 

Total 0.976(0.001*) -0.069 (0.849) 1.000 (N/A) 

Elevation 

CGTOT AJ Total 

CG 1.000 (N/A) 

AJ -0.001 (0.999) 1.000 (N/A) 

Total 0.935(0.001*) 0.354(0.315) 1.000 (N/A) 
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Figure 20. Matrix Plot for Total Jump. CGTOT. and AJ Jumn Components. Azimuth. 
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in which for example, Cov(MP,CV) = pm>cvoMI,ocv. This formula relates a2
mPACT with the 

variations of the individual jump components. The root sum square (RSS) of the variance components, 

■^a2
MP + (7c,., + a2

G + a2
AI, overestimates the dispersion of the impacts, aMI,Acr ■ By adding the largest 

covariances to the RSS, we "close the loop" so to speak, and bring this quantity nearer to GlMPAcr. 

The addition of Cov(CV, CG) to the RSS brings the most closure to the model, while adding the 

covariances of the other in-bore jump components brings the RSS and <r[MI,ACT nearer still. 

5. CONCLUSION 

A jump experiment and analysis were performed for the M198 howitzer firing the M107 

projectile through a short range, flat fire trajectory with a launch Mach number near 1.7. The 

objective was to characterize the jump performance of the system and provide a basis for identifying 

and possibly improving the largest contributors to jump over a broader range of firing conditions. 

For the short range, flat fire scenario of the present experiment, the jump performance of the 

system indicates that aerodynamic jump is a significantly smaller contributor to the jump means 

and dispersions than the projectile CG motion at shot exit. The CG jump demonstrated the largest 
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dispersion of any of the measured jump components, suggesting the presence of significant in-bore 

balloting relative to the muzzle itself. The dispersion of the total CG jump, CGTOT was only about 

half that of the CG jump alone but was still large compared to the dispersion of the other jump 

components. 

M107 Dispersion Model 
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aMP + acv + a CG + °AJ + in-bore covariances 
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Figure 22. M107 Jump Closure. 

1.4 

The aerodynamic jump was small because of the low levels of initial projectile yaw and 

yaw rate. Overall, the group demonstrated small yaw levels. All initial angular rates were about 

1 rad/s or less in magnitude. All initial angles were less than 0.2° in magnitude except for one 

shot that had a magnitude of about 0.4°. The initial yaw levels approached the measurement 

accuracy of the system and produced spin contributions to aerodynamic jump that were 
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considered too small to include in the present jump model. It is noted that initial angles on the 
order of 1° could be considered abnormal by comparison and would contribute more significantly 

to the spin contribution to aerodynamic jump. 

For all shots, the muzzle was pointed up and to the left at shot exit, and the muzzle 
crossing velocity was down and to the left for all but one shot. The large scale muzzle motion 
was more pronounced in the vertical plane than in the horizontal plane. This motion dominates 

the mean values of the PA and CV jump vectors, but the dispersion in PA and CV is about the 
same in azimuth and elevation. Even though more vertical gun tube motion is evident than 
horizontal motion, the dispersion of the CG and CGT0T jump vectors is larger in azimuth than 

elevation. 

The variability in the projectile initial lateral CG motion appears to be a more important 
effect than the projectile initial angular motion for the short range, flat fire scenario. This 
observation may be useful for efforts focused on enhancing artillery accuracy at longer ranges. 
Additionally, the measurements of muzzle velocity, drag, and yaw may be useful for determining 
the effect of jump components not directly measured here but important for longer ranges. This 
experiment represents an initial effort that will contribute to a unified database characterizing the 
weapon system performance over a wider range of firing conditions. 

The results from the jump experiment apply to both the precision and accuracy models for 
artillery. The present accuracy model is composed of several terms, including meteorological 
effects and inaccuracies in their measurement, muzzle velocity variations, quadrant elevation 
deviations, ballistic coefficient deviations and weapon location inaccuracies as given by 

Reichelderfer(1993): 

2     dR21   2\    dR21   2\    dR2 (   2       2   \    dR2 /   2\    dR2 (   2 ,    2  \ 

The results from this experiment are applicable to describing the errors in quadrant 
elevation and to some extent, the ballistic coefficient deviations. The quadrant elevation angle 
range error can be improved by incorporating an average vertical jump term. The total jump 
vector is by definition the sum of the PA, CV, CG, and AJ vertical components for artillery. 
This quantity is the combination of the gun effects on the projectile. This component added to 
the quadrant angle can be used to refine the quadrant angle error term. 
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(3R2   2) 

The artillery precision model that describes dispersion about a mean point of impact is 

somewhat simpler and contains three groups of terms. These are classed as muzzle velocity 

errors, quadrant elevation errors, and ballistic coefficient errors. 

The jump vectors are again relevant to the components of the precision model. The quadrant 

elevation errors 
ARN2 

AQE 
(PEQETT^TV 

are proportional to SDs in total jump vector. Precision probable errors in ballistic coefficient also 

seem to be insensitive to quadrant elevation changes from 0° to 45° as the same value is used 

(Kogler 1995). As flight times for long range projectile versions increase, drag errors affect the 

trajectory more substantially. The source of these drag errors is a complex combination of yaw 

drag, yaw of repose, and projectile limit cycle yaw. Accurately allocating errors to meteorological, 

mechanical, or aerodynamic sources is an important step in minimizing system errors. 
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Ml07 JUMP STATISTICAL REVIEW 
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Figure A-1. Means of Jump and Jump Components. 
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Figure A-2. Standard Deviations of Dispersions of Jump and Jump Components. 
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Means of Other Jump Components 
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Figure A-3. Means of Other Jump Components. 
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Figure A-4. Standard Deviations of Dispersions of Other Tump Components. 
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LIST OF SYMBOLS 

d reference diameter 
CLa lift force coefficient 

CMCX pitching moment coefficient 

JA aerodynamic jump (jump attributable to aerodynamic lift) 

k, transverse gyroscopic radius 
R range 
s distance along flight path in calibers 
t time 
X,Y jump coordinates 
Re real part of complex number 
Im imaginary part of complex number 

Greek Symbols 
a pitch angle, positive nose up 
ß yaw angle, positive nose left looking downrange 
S total yaw, (a2 + ß2)1/2 

$ complex yaw angle, ß + ice 
a one standard deviation 
d total jump vector 

H horizontal component of total jump 

*v vertical component of total jump 

Subscripts 
H horizontal component 
V vertical component 
0 initial condition 
T evaluated at target location 

Superscripts 

o derivative with respect to s 
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